ABSTRACT The role of prostaglandin A2 (PGA2) in modulation of vascular endothelial function is unknown. We investigated effects of PGA2 on pulmonary endothelial cell (EC) permeability and inflammatory activation and identified a receptor mediating these effects. PGA2 enhanced the EC barrier and protected against barrier dysfunction caused by vasoactive peptide thrombin and proinflammatory bacterial wall lipopolysaccharide (LPS). Receptor screening using pharmacological and molecular inhibitory approaches identified EP4 as a novel PGA2 receptor. EP4 mediated barrier-protective effects of PGA2 by activating Rap1/ Rac1 GTPase and protein kinase A targets at cell adhesions and cytoskeleton: VE-cadherin, p120-catenin, ZO-1, cortactin, and VASP. PGA2 also suppressed LPS-induced inflammatory signaling by inhibiting the NFκB pathway and expression of EC adhesion molecules ICAM1 and VCAM1. These effects were abolished by pharmacological or molecular inhibition of EP4. In vivo, PGA2 was protective in two distinct models of acute lung injury (ALI): LPS-induced inflammatory injury and two-hit ALI caused by suboptimal mechanical ventilation and injection of thrombin receptor-activating peptide. These protective effects were abolished in mice with endothelial-specific EP4 knockout. The results suggest a novel role for the PGA2-EP4 axis in vascular EC protection that is critical for improvement of pathological states associated with increased vascular leakage and inflammation.
INTRODUCTION
The endothelial cell (EC) barrier controls physiological mass transport across the vessel but also regulates tissue inflammatory response to bacterial, chemical, and mechanical insults by allowing proinflammatory cytokines and leukocyte transmigration to the sites of injury. Precise control of endothelial barrier and inflammatory status is especially important to avoid devastating complications of infections, traumatic tissue injury, and other pathological conditions and to prevent development of pulmonary or brain edema. Prostaglandins (PGs) are bioactive lipid mediators elevated during inflammation and generated in vivo by enzymatic peroxidation of arachidonic acid (AA). AA peroxidation by cyclooxygenases COX-1 and COX-2 generates the unstable intermediate prostaglandin PGH2, which then is metabolized by various enzymes to generate a spectrum of PGs, including PGE2, PGI2 (prostacyclin), PGF2α, PGD2, and thromboxane A2. Dehydratation of PGE2 yields the cyclopenthenone PG, prostaglandin A2 (PGA2).
Whereas the biological activities of PGE2, PGF2α, and PGI2 have been investigated, the vascular effects of other prostaglandins, such as PGA2, are virtually unknown. PGE2 mediates its effects in target cells by binding to specific G protein-coupled prostanoid receptors: EP1, EP2, EP3, and EP4; PGI2 acts via the IP receptor, and PGF2 α acts via the FP receptor. All of these receptors are expressed in the endothelium (Alfranca et al., 2006) , and EP and IP receptors are separate structural entities, under certain conditions, their components may interact with each other, leading to further enhancement of the cell-cell barrier (Birukova et al., 2011b) . These interactions are essential for enhancement of the pulmonary endothelial barrier caused by circulating bioactive molecules.
Better understanding of pathophysiological effects and molecular pathways activated by specific PGs is essential to link basic findings with dysregulation of EC behavior in pathologically relevant conditions and ways of pharmacologically correcting endothelial function. For example, stable prostacyclin analogues beraprost and iloprost, which exhibit pronounced vasodilating and antiremodeling effects on vasculature, are widely used to treat pulmonary hypertension (Howard and Morrell, 2005) . Effects of other PGs on vascular inflammation and endothelial barrier dysfunction associated with acute lung injury and other inflammatory conditions are far less explored. This study investigated effects of PGA2 on human lung vascular endothelial hyperpermeability and inflammation caused by barrier disruptive and inflammatory mediators. PGA2 effects were further tested in animal models of acute lung injury caused by bacterial lipopolysaccharide (LPS) or mechanical ventilation at high tidal volume (HTV) combined with intravenous (i.v.) injection of thrombin receptor-activating peptide (TRAP). We identify a receptor mediating barrier-protective and anti-inflammatory effects of PGA2 in pulmonary endothelium and describe the cellular mechanism of cytoskeletal remodeling induced by PGA2 and contributing to protection of lung endothelial barrier.
RESULTS

Effects of PGA2 on human pulmonary EC barrier and intracellular signaling
Dose-dependent effects of PGA2 on EC barrier properties were monitored by changes in transendothelial electrical resistance (TER) of cell monolayers grown on microelectrodes. PGA2 caused dose-dependent TER increases in the concentration range of 0.05-1 µM ( Figure 1A) . A barrier-enhancing effect was observed by 2 min of PGA2 stimulation, reached maximal levels by 15-30 min of stimulation, and was sustained in the next 4-6 h after stimulation.
Treatment of preconfluent EC monolayers with PGA2 caused rapid formation of cell-cell contacts and establishment of the EC monolayer, leading to decreased paracellular permeability for macromolecules, as detected by decreased accumulation of fluorescein isothiocyanate (FITC)-labeled avidin on the coating substrate underneath the cells ( Figure  1B ). In agreement with barrier-enhancing effects on human pulmonary EC monolayers, we saw increased VE-cadherin-and ZO-1-positive areas at the cell-cell junctions of PGA2-treated cells, indicating enhanced AJs and TJs, respectively (Figure 1, C and D). expressed in lung tissues (Breyer et al., 2001) . A cell surface receptor mediating PGA2 effects has not been defined.
Basal EC barrier control is mediated by cell junctions containing adherens junction (AJ) and tight junction (TJ) protein complexes linked to the peripheral actin cytoskeleton network (Spindler et al., 2010) . Increased assembly of AJ complexes containing vascular endothelial cadherin (VE-cadherin), α,β,γ-catenins, and p120-catenin (Bazzoni and Dejana, 2004) and their interactions with cortical cytoskeleton is precisely regulated by small GTPases Rac, Cdc42, and Rap1 (Spindler et al., 2010) . Similar to AJs, TJs are composed of integral membrane proteins: occludin, claudins, junctional adhesion molecule-A (JAM-A), and intracellular proteins, including ZO-1 and cingulin (Miyoshi and Takai, 2005) . Although AJs and TJs are FIGURE 1: PGA2 enhances endothelial barrier and cell junctions. (A) Human pulmonary EC monolayers were grown on gold microelectrodes. At the time point indicated by the arrow, cells were treated with 0.05, 0.1, 0.2, 0.5, or 1 µM PGA2, followed by measurements of TER to reflect EC monolayer barrier properties. (B) Nearly confluent EC monolayers grown on glass coverslips with immobilized biotinylated gelatin were stimulated with vehicle or PGA2 (0.5 µM, 10 min), followed by addition of FITC-avidin (25 µg/ml, 3 min). Unbound FITC-avidin was removed, and FITC fluorescence signal was visualized by fluorescence microscopy; bar, 10 µm. (C) EC monolayers grown on glass coverslips were treated with PGA2 (0.5 µM, 30 min), followed by immunofluorescence staining for VE-cadherin (left) or ZO-1 (right); bar, 10 µm. (D) Quantitative image analysis of VE-cadherin and ZO-1 immunoreactivity at the cell cortical compartment. Results are average ± SD of three independent experiments. (E) ECs were stimulated with PGA2 for indicated periods of time and washed, and cell surface proteins were labeled with Sulfo-NHS-SS-Biotin as described in Materials and Methods. Cells were lysed, and biotinylated proteins were precipitated with streptavidin-agarose. Presence of biotinylated VE-cadherin was evaluated by Western blot analysis. Results of densitometry shown as mean ± SD; n = 4; *p < 0.05. (F) ECs were treated with PGA2 (0.5 µM, 30 min) or vehicle. After cell lysis, protein complexes were immunoprecipitated with VE-cadherin antibody, followed by Western blot analysis with antibodies to indicated proteins. Equal protein loadings were confirmed by reprobing of membranes with VE-cadherin antibody. Results of densitometry normalized to VE-cadherin are shown as mean ± SD; n = 4; *p < 0.05.
Consistent with activation of Rac1, PGA2 caused rapid phosphorylation of cortactin ( Figure 2C ).
Of interest, coimmunoprecipitation studies showed that PGA2 also stimulated association of VE-cadherin, α-catenin, and ZO-1 with the PKA cytoskeletal target VASP ( Figure 2D ). These results demonstrate a convergence of PKA-and Rac-mediated signaling pathways on cytoskeletal and cell junction proteins involved in PGA2-induced EC barrier response. Elevation of cAMP by other prostaglandins-PGI2 and PGE2-is mediated by IP and EP receptors (Breyer et al., 2001 ). Therefore we hypothesized that the observed effects of PGA2 on intracellular signaling are mediated by one or more prostaglandin receptors. We tested such receptors in the following experiments.
Screening for potential receptors mediating PGA2 barrier-enhancing response
We screened potential receptors mediating PGA2-induced EC barrier enhancement using specific agonists and inhibitors of prostanoid receptors. EC permeability assays of PGA2-stimulated EC monolayers using TER measurements showed that specific inhibitors of FP, TP, DP2, and IP prostanoid receptors did not affect PGA2-induced EC barrier enhancement response ( Figure 3A ). EC pretreatment with AH6809, an EP1-3 and DP receptor antagonist with nearly equal affinity for the cloned human EP1, EP2, EP3, and DP1 receptors, also did not affect the barrier-enhancing response to PGA2. In turn, pretreatment with EP4 receptor inhibitor L161982 or GW627368X abolished PGA2-induced EC barrier enhancement ( Figure 3, A and B) . In turn, stimulation of pulmonary EC with pharmacological EP4 receptor activator CAY10580 recapitulated EC barrier enhancement caused by PGA2 ( Figure 3A, right) . As an alternative to pharmacological inhibition, we performed molecular inhibition of EP4 receptor by small interfering RNA (siRNA)-induced EP4 knockdown. Treatment with EP4-specific siRNA suppressed the barrier-enhancing effect of PGA2 ( Figure 3B) . Activation of G s -coupled EP4 receptor leads to G s -dependent activation of adenylate cyclase and elevation of intracellular cAMP levels (Yagami et al., 2016) . Control experiments ( Figure 3C ) showed that the EC barrier enhancement response to elevation of intracellular cAMP caused by cell treatment with stable cAMP analogue Br-cAMP or adenylate cyclase activator forskolin was not affected by cell pretreatment with EP4 antagonist. EP4 antagonist did not affect EC barrier enhancement caused by prostacyclin, known to act via the IP receptor, but abolished EC barrier response to PGA2. In turn, IP antagonist was without effect on prostacyclin-induced cell response but inhibited EC barrier enhancement response to PGA2. Taken together, these results show a specific role of EP4 receptor in mediating the pulmonary EC barrier-enhancing response to PGA2.
Effects of EP4 inhibition on PGA2-induced activation of intracellular signaling and cytoskeletal remodeling
Involvement of EP4 in PGA2-induced cytoskeletal remodeling linked to EC barrier enhancement was evaluated using siRNAinduced EP4 knockdown and pharmacological EP4 receptor antagonist L161982. EP4 antagonist abolished PGA2-induced activation of Rac1 and Rap1 ( Figure 4A ). Analysis of downstream cytoskeletal targets of Rap1/Rac1 and cAMP/PKA signaling showed that inhibition of EP4 by L161982 ( Figure 4B ) or siRNA-induced EP4 knockdown ( Figure 4C ) suppressed PGA2-induced phosphorylation of Rac1-dependent regulator of actin polymerization, cortactin and cAMP/PKA substrates, actin-binding protein VASP, and transcription factor CREB.
The PGA2-induced increase in VE-cadherin-positive areas at the cell-cell junctions was further verified by the surface protein biotinylation assay described in Materials and Methods. After in situ biotinylation of cell surface proteins in control and PGA2-stimulated cells, the level of biotinylated VE-cadherin was assessed by Western blotting. VE-cadherin surface expression, as reflected by the levels of biotinylated VE-cadherin, increased in PGA2-treated EC monolayers ( Figure 1E ). These findings are consistent with PGA2-induced EC morphological changes and monolayer barrier function. Coimmunoprecipitation assays with VE-cadherin antibody showed that PGA2-induced enhancement of the EC barrier was also associated with increased association of VE-cadherin with other AJ proteins: p120-catenin, α-catenin, and TJ-associated protein ZO-1 ( Figure 1F) .
The PGA2-mediated TER increase was accompanied by a rapid increase in intracellular cAMP levels within 2 min (Figure 2A ). Direct measurements of small GTPase activation showed that barrier enhancement in response to PGA2 was associated with rapid activation of Rap1 and Rac1 GTPases ( Figure 2B ), whereas RhoA activity was not affected (unpublished data). As a reflection of elevated cAMP-dependent protein kinase (PKA) enzymatic activity, PGA2 treatment increased phosphorylated levels of PKA substrates cAMP response element binding protein (CREB) and the actin-binding protein vasodilator-stimulated phosphoprotein (VASP; Figure 2C ). Tyrosine phosphorylation of a regulator of cortical actin polymerization, cortactin, is promoted by activated Rac1 (Head et al., 2003) .
FIGURE 2: Effect of PGA2 on intracellular cAMP level, activation of Rac, and Rap cytoskeletal and cell junction targets. (A) ECs were stimulated with PGA2 (0.5 µM) for indicated periods of time, and intracellular cAMP levels were determined, as described in Materials and Methods. Results are mean ± SD of three independent experiments. *p < 0.001. (B) PGA2-induced activation of Rac (left) and Rap (right) evaluated using GTPase pull-down assays. Total GTPase content in cell lysates was used as a normalization control. (C) Time-dependent phosphorylation of VASP, CREB, and cortactin determined in the total lysates using phosphoprotein-specific antibodies. (D) Coimmunoprecipitation assay of control and PGA2-stimulated (30 min) ECs using VASP antibody. Coprecipitated proteins were determined by Western blot analysis with appropriate antibody.
higher-magnification insets in Figure 4D show details of the peripheral cortactin arrangement. The bar graph depicts a quantitative image analysis of peripheral cortactin accumulation in stimulated control and EP4 knockdown cells.
Next we studied effects of EP4 inhibition on PGA2-induced enhancement of AJs. PGA2 stimulated enlargement of VE-cadherin-positive and ZO-1-positive areas at the cell junctions in EC monolayers, which was abolished by siRNA-induced EP4 knockdown ( Figure 5A ). In biochemical studies, in situ biotinylation assay showed decreased levels of biotinylated VE-cadherin in PGA2-stimulated ECs pretreated with EP4 antagonist ( Figure 5B ).
AJ enhancement is associated with increased interactions of AJ proteins. We visualized intracellular colocalization and protein interaction of VE-cadherin and p120-catenin using a proximal ligation assay (PLA). Increased accumulation of both proteins at the cell junction areas of PGA2-stimulated ECs and their interaction was suppressed by EC pretreatment with EP4 receptor inhibitor ( Figure 5C ).
Coimmunoprecipitation assays with anti-VE-cadherin and anti-VASP antibodies showed that PGA2 increased association of ZO-1, α-catenin, VASP, and VE-cadherin, which was abolished by pretreatment with EP4 receptor inhibitor ( Figure 5D ). These findings suggest an EP4-dependent mechanism of PGA2-induced enhancement of endothelial AJs and activation of AJ-TJ functional interactions.
PGA2 enhances barrier properties of lung epithelial cells
Epithelial barrier protects the lung from invasion of bacterial particles. In cooperation with pulmonary vascular endothelium, lung epithelial cells form a second barrier to control fluid balance and prevent alveolar flooding and pulmonary edema. We tested effects of PGA2 on barrier properties of small airway epithelial cell (SAES) monolayers using TER measurements. Similar to the response developed by pulmonary ECs, PGA2 caused rapid elevation of TER in SAES in the concentration range of 0.2-3.0 µM ( Figure  6A ). The barrier-enhancing effect developed within 2-5 min of PGA2 stimulation, reached maximal levels by 15-30 min, and then gradually declined, reaching basal levels by 5 h poststimulation.
SAEC stimulation with PGA2 (0.5 µM) caused time-dependent phosphorylation of regulators of peripheral actin remodeling, VASP and cortactin ( Figure 6B , left). Inhibition of EP4 by L161982 suppressed the PGA2-induced phosphorylation of cortactin and VASP ( Figure 6B , right). The barrier-enhancing effect of PGA2 and increased phosphorylation of cortactin and VASP were associated with increased F-actin immunoreactivity at the cell periphery ( Figure 6C) A role of EP4 in PGA2-activated EC cytoskeletal dynamics critical for EC barrier-enhancing response was further evaluated using live-cell microscopy. Pulmonary ECs expressing green fluorescent protein (GFP)-labeled cortactin were treated with nonspecific or EP4-specific siRNA, followed by stimulation with PGA2. PGA2 stimulated formation of lamellipodia (shown by arrows in Figure 4D , top), also associated with accumulation of GFP-cortactin at the cell periphery. These changes reflect PGA2-induced activation of peripheral cytoskeletal remodeling. This cytoskeletal response was abolished in cells with EP4 knockdown (Figure 4D , bottom). The effects against thrombin-induced EC hyperpermeability using an imaging assay detecting EC monolayer permeability for macromolecules (Dubrovskyi et al., 2013) . Consistent with TER results, PGA2 attenuated thrombin-induced EC monolayer permeability for FITC-labeled tracer ( Figure 7B , left). The barrier-protective effect of PGA2 was abolished by EC pretreatment with EP4 inhibitor (Figure 7B , right). We made similar observations in experiments with EP4 knockdown. We evaluated EC monolayer integrity by immunofluorescence staining for F-actin. Whereas PGA2 suppressed stress fibers and gap formation induced by thrombin, EP4 knockdown abolished PGA2-protective effects ( Figure 7C ).
Because thrombin-induced disruption of ECl junctions and EC barrier dysfunction are associated with activation of the Rho pathway (Fukata and Kaibuchi, 2001) , we next examined effects of PGA2 on the thrombin-induced Rho signaling. Pretreatment with PGA2 markedly suppressed thrombin-induced Rho activation ( Figure  7D ) and Rho-dependent phosphorylation of myosin light chain phosphatase (MYPT) and myosin light chain (MLC; Figure 7E ). In turn, EP4 inhibitor abolished PGA2-mediated inhibition of Rho activation and phosphorylation of MYPT and MLC caused by thrombin (Figure 7 , D and E).
EP4 mediates PGA2-induced EC protection against LPS-induced barrier dysfunction and EC inflammatory activation
Bacterial compounds such as LPS cause pronounced activation of inflammatory signaling in pulmonary ECs and disruption of EC monolayers (Fu et al., 2009; Schlegel et al., 2009) . We tested the effects of PGA2 on EC barrier dysfunction caused by LPS. LPS decreased TER, reflecting endothelial barrier dysfunction, and PGA2 pretreatment abolished this effect ( Figure 8A ). Of importance, the protective effect of PGA2 was inhibited by EP4 antagonist. Activation of the NFκB signaling cascade manifested by phosphorylation of the NFκB subunit and degradation of the inhibitory IκBα subunit is a hallmark of LPS-induced inflammation (Lu et al., 2008; Khakpour et al., 2015) . LPS triggered the canonical inflammatory pathway and induced phosphorylation of NFκB and degradation of IκBα. LPS-induced NFκB phosphorylation was suppressed by PGA2, and this anti-inflammatory effect of PGA2 was abolished by cell pretreatment with EP4 inhibitor ( Figure 8B ). Because our studies showed activation of Rap1/Rac1 and PKA signaling by PGA2 (Figure 2 ), we tested involvement of these pathways in the PGA2-induced inhibition of NFκB phosphorylation. Inhibition of either PKA or Rac1 activity attenuated PGA2-induced NFκB phosphorylation ( Figure 8C ), suggesting critical involvement of both PKA and Rac1 signaling in PGA2 anti-inflammatory effects. and enhancement of AJs indicated by increased peripheral accumulation of p120-catenin, an AJ adaptor and signaling protein ( Figure  6D ). These cytoskeletal effects caused by PGA2 were inhibited by cell pretreatment with EP4 inhibitor L161982. The higher-magnification insets depict details of cortical actin remodeling.
EP4 mediates PGA2-induced EC barrier protection against thrombin-induced permeability
To study the physiological role of PGA2 in modulation of agonistinduced EC responses, we evaluated the effect of PGA2 on the endothelial barrier using a model of thrombin-induced EC permeability. Pretreatment of pulmonary EC monolayers with PGA2 suppressed the acute TER decline in response to thrombin ( Figure 7A ). In addition to TER measurements, we examined PGA2 protective 
Effects of PGA2 posttreatment on LPS-induced EC barrier dysfunction
Because treatment of ongoing inflammation with protective compounds represents a more clinically relevant scenario of pharmacological intervention, we next tested the effects of PGA2 against LPS-induced EC barrier dysfunction as a posttreatment option. PGA2 added after 30 min, 2 h, or 5 h of LPS stimulation also had a potent barrierprotective effect, reflected by pronounced and sustained elevation of TER ( Figure 9A ). This effect was abolished in ECs with siRNAinduced EP4 knockdown ( Figure 9B ).
Protective effects of PGA2 posttreatment on LPS-induced disruption of EC monolayers were further monitored by analysis of actin cytoskeletal remodeling. Pulmonary ECs were treated with LPS with or without PGA2 added 5 h after LPS challenge. Immunofluorescence staining of actin cytoskeleton was performed 1 h after PGA2 addition. LPS induced formation of paracellular gaps. These changes were reduced by EC posttreatment with PGA2 ( Figure 9C, top) . Restoration of EC monolayer integrity, gap closure, and disappearance of actin stress fibers caused by PGA2 posttreatment were abolished in EC with EP4 knockdown (Figure 9C , bottom).
Protective effects of PGA2 in animal models of acute lung injury Protective effects of PGA2 were next tested in the murine models of acute lung injury (ALI). In the model of nonbacterial lung injury, mice were exposed to mechanical ventilation as described in Materials and Methods and i.v. injection of TRAP. PGA2 treatment was performed by i.v. administration of PGA2 at the beginning and 2 h later during mechanical ventilation. Injection of sterile phosphate-buffered saline (PBS) was used as a control. After 4 h of mechanical ventilation mice, developed a prominent acute inflammatory response characterized by increased cell counts and protein content in bronchoalveolar lavage (BAL) samples ( Figure 10A ). These effects were significantly attenuated by injection of PGA2. There was no significant difference in BAL cell count and BAL protein between PGA2-treated animals and a control group without PGA2 treatment in the absence of HTV (unpublished data).
Effects of PGA2 on the lung vascular leak induced by TRAP/HTV were evaluated by measurement of Evans blue extravasation into the lung tissue, as described in Materials and Methods. Increased Evans blue accumulation in the lung parenchyma caused by TRAP/ HTV was attenuated by PGA2 ( Figure 10B ). Barrier-protective and anti-inflammatory effects of PGA2 were further tested in the animal model of ALI caused by intratracheal (i.t.) injection of bacterial wall Activation of NFκB-dependent inflammatory signaling stimulates expression of ICAM1 and VCAM1, the EC adhesion molecules involved in neutrophil adhesion (Smith, 1993) . Pretreatment with PGA2 inhibited LPS-induced expression of ICAM1 and VCAM1, and this protective effect was inhibited by EP4 antagonist ( Figure 8D) . Similarly, siRNA-induced knockdown of EP4 abolished the protective effect of PGA2 against LPS-stimulated ICAM1 expression ( Figure 8E ). In accordance with the anti-inflammatory effects of PGA2 on LPS-challenged EC, PGA2 pretreatment also attenuated LPS-induced production of tumor necrosis factor-α (TNFα) and interleukin-6 (IL-6) by pulmonary ECs (Figure 8, F and  G, left) . Of note, PGA2 was also protective against endothelial bar- Lung vascular leak in mice treated with LPS and PGA2 was monitored in the same animals prospectively 1, 2, 3, and 6 d after treatment. Lung accumulation of the Angiosense 680 EX tracer was performed in anesthetized animals using noninvasive fluorescence optical imaging as described in Materials and Methods. Accumulation of the fluorescent tracer reflecting lung inflammation and vascular barrier compromise increased 24 and 48 h after LPS injection and gradually declined by day 6 (Figure 11C ). Of importance, LPS-induced lung dysfunction was markedly reduced by PGA2 treatment (two injections, concurrently and 5 h after LPS challenge), and recovery of lung function occurred earlier than in LPS-challenged mice without PGA2 treatment.
Protective effects of PGA2 in vivo are mediated by endothelial EP4
To test the role of endothelial EP4 in the mediation of the barrier-protective and anti-inflammatory effects of PGA2 in vivo, we used endothelial EP4-knockout mice generated by cross-breeding of the inducible endothelial VECad-Cre-ER T2 line (Monvoisin et al., 2006) and EP4 lox/lox mice. Generation and characterization of ECspecific EP4-knockout mice (EC-EP4-/-) were described previously (Liang et al., 2011) . First, we evaluated the magnitude of LPS-induced lung injury in EC-EP4-/-mice and matching controls. Parameters of lung injury were analyzed 24 h after LPS administration. EC-EP4-/-mice developed higher levels of lung injury in response to LPS, which was reflected by increased total and neutrophil cell counts and protein content in BAL samples ( Figure 12A ). Of greater importance, PGA2 treatment significantly attenuated parameters of LPS-induced lung injury and vascular leak in wildtype controls, as reflected by reduced cell count and protein content in BAL samples ( Figure 12A ) and decreased Evans blue accumulation in lung parenchyma ( Figure  12B ). In contrast, this lung-protective effect of PGA2 treatment was abolished in EC-EP4-/-mice. Western blot analysis of lung tissue samples also revealed increased ICAM1 expression in EC-EP4-/-mice and matching wild-type controls after 24 h of LPS challenge ( Figure 12C ). LPS-induced activation of ICAM1 expression was strongly suppressed by PGA2 treatment of wild-type mice but remained at levels similar to those for animals treated with LPS alone in EC-EP4-/-mice. Taken together, these results demonstrate pronounced anti-inflammatory and barrierprotective effects of PGA2 in the two animal models of ALI and emphasize a key role for endothelial EP4 receptor in PGA2-induced protection against LPS-induced lung vascular inflammation, barrier dysfunction, and lung injury.
LPS. Two i.v. injections of PGA2, concurrently and 5 h after LPS instillation, significantly decreased BAL protein content and total cell count in the LPS-treated mice ( Figure 11A ). Effects of PGA2 on the lung vascular leak induced by LPS were further evaluated by measurement of Evans blue extravasation into the lungs. PGA2 treatment suppressed LPS-induced Evans blue accumulation in the lung parenchyma ( Figure 11B) .
Next, to evaluate the rate of ALI recovery, we performed image analysis of PGA2 effects on lung recovery after LPS-induced injury.
FIGURE 6: PGA2 effects on lung epithelial cell barrier, actin cytoskeleton, and cell junctions. (A) Human pulmonary SAEC monolayers were grown on gold microelectrodes. At the time point indicated by the arrow, cells were treated with 0.2, 0.5, 1.0, or 3.0 µM PGA2, followed by measurements of TER. (B) Time-dependent phosphorylation of VASP and cortactin was determined in the total lysates using phosphoprotein-specific antibodies (left). Effect of pretreatment with EP4 inhibitor on PGA2-induced phosphorylation of VASP and cortactin was evaluated by Western blot analysis with phosphospecific antibodies (right). Equal protein loadings were confirmed by membrane reprobing with β-tubulin antibody. (C, D) Effect of EP4 inhibitor on PGA2-induced cortical actin remodeling and enhancement of cell junctions. (C) Increased F-actin immunoreactivity in cell cortical area caused by PGA2 (0.5 µM, 5 min) was inhibited by pretreatment with EP4 inhibitor L161982. Higher-magnification insets depict details of cortical actin remodeling. Immunofluorescence staining was performed using Texas redphalloidin. Bar, 5 µm. (D) SAEC monolayers grown on glass coverslips were stimulated with PGA2 (0.5 µM, 15 min) with or without pretreatment with EP4 inhibitor (L161982, 3 µM), followed by immunofluorescence staining for p120-cadherin. Bar, 10 µm. Results are representative of three independent experiments.
Cell membrane receptor(s) mediating PGA2 effects are not well defined. An earlier study suggested PGA2 interaction with two groups of cell membrane receptors-one stimulating phospholipase C and calcium entry and the other stimulating production of cAMP (Muallem et al., 1989) . Both receptor types were also activated by other PGs: PGE2, PGI2, PGF2α, and others. We screened potential receptors engaged in PGA2 signaling and identified EP4 as a receptor mediating vascular endothelial barrier-protective and anti-inflammatory effects of PGA2 in vitro and in vivo. This novel finding was further verified using a genetic model of EC-specific EP4-knockout mice. EP4 is a Gs-coupled receptor stimulating cAMP production primarily activated by PGE2 but may also ligate PGF2α and PGD2 at much higher concentrations (Leduc et al., 2009) . Of interest, accumulating evidence suggests considerable functional selectivity among the structurally related prostaglandins. PGE2 was the most selective in activating Gαs, whereas PGF2α and PGE1 were the most biased for activating Gαi1 and β-arrestin, respectively (Leduc et al., 2009) . Physiological effects of PGE2, PGF2α, and PGD2 are quite different because these prostaglandins also interact with their other cognate receptors (EP1-3, FP and DP, respectively) and stimulate additional functional responses mediated by Gs-, Gq-, and Gi-coupled signaling pathways (Breyer et al., 2001; Bos et al., 2004) . Furthermore, depending on receptor subtype, cell population, and the context of activation, PGE2 displays pro-and anti-inflammatory effects, whereas PGI2 and its stable analogues have mostly anti-inflammatory and barrier-protective properties (Hata and Breyer, 2004; Birukova et al., 2013b; Schlegel and Waschke, 2014) . These unique patterns of receptor activation by each class of prostaglandin likely define the specific type of tissue or organ response to these mediators.
Ligation of EP4 receptor stimulates Gα-protein-mediated transient increase in intracellular cAMP (Sugimoto and Narumiya, 2007) . In turn, cAMP activates PKA, which then phosphorylates downstream effector proteins-in particular, CREB. In addition, elevation of intracellular cAMP activates the PKA-induced independent pathway mediated by cAMP-stimulated guanine nucleotide exchange factor EPAC (Bos, 2006) .
Activation of Rap1, Rac1, and PKA pathways observed in PGA2-stimulated EC is consistent with engagement of EP4 receptor and stimulation of downstream cell adhesion and cytoskeletal targets as a potential mechanism involved in the enhancement of the EC barrier. Activation of Rac1 by PGA2 in this study was accompanied by peripheral translocation of cortactin linked to EC barrier enhancement (Tian et al., 2014) . PKA-dependent phosphorylation of another
DISCUSSION
The role of PGA2 in regulation of endothelial permeability and lung inflammatory response to bacterial pathogens remains virtually unknown. This is the first report demonstrating PGA2 vascular protective and anti-inflammatory effects in vitro and in vivo. PGA2 caused sustained barrier enhancement of pulmonary EC monolayers, dramatically attenuated EC permeability caused by thrombin, and restored the barrier function of EC monolayers challenged with LPS. actin-binding protein, VASP, which was observed in PGA2-stimulated ECs, leads to structural relaxation of the actin cytoskeleton, its linkage with tight junctions via the VASP/ZO-1 complex (Comerford et al., 2002) . PGA2 in this study increased association of VASP with the AJ protein α-catenin and other AJ-TJ complex membersp120-catenin, VE-cadherin, and ZO-1. This functional association reflects PGA2-induced enhancement of the EC barrier via increased interactions between AJ and TJ complexes assisted by VASP. In turn, pharmacological or molecular inhibition of EP4 receptor attenuated PGA2-induced activation of peripheral actin cytoskeleton, AJ and TJ assembly, and formation of the VASP/AJ/TJ functional complex. Whereas direct interaction of VASP and α-catenin at the AJs has been reported (Kobielak and Fuchs, 2004) , the presence of VASP in ZO-1, p120-catenin, and VE-cadherin complexes may reflect functional AJ-TJ interactions contributing to PGA2/EP4-induced EC barrier enhancement.
Of interest, PGA2 also induced the barrier-enhancing response and remodeling of peripheral actin cytoskeleton and cell junctions in pulmonary epithelial cells; however these effects were less sustained. These results may indicate cell type-specific differences in PGA2 effects. In addition to pulmonary artery ECs, PGA2 also exhibited barrier protective effects in LPS-challenged lung microvascular EC monolayers (unpublished data). Such complementary PGA2 effects on both lung endothelial and epithelial cells may further promote lung barrier function in the ALI settings in vivo. However, in this study, we focused on the endothelial side, and the i.v. route of PGA2 administration used in this study more specifically targeted pulmonary endothelium.
PGA2 attenuated EC barrier dysfunction caused by thrombin. This effect is consistent with attenuation of thrombin-induced RhoA signaling, a major pathway of EC barrier dysfunction. Our result show that PGA2 induced activation of Rap1/Rac1/PKA signaling, which was previously shown to down-regulate barrier-disruptive RhoA signaling via mechanisms of negative cross-talk (Wildenberg et al., 2006; Birukova et al., 2013a) .
Besides the canonical activation by the TLR4-MyD88-IRAK-TRAF6 cascade, LPS-induced stimulation of RhoA pathway also contributes to the activation of p38 mitogen-activated protein kinase (MAPK) and inflammatory response. Activated p38 MAPK phosphorylates the NFκB RelA/p65 subunit, which further stimulates NFκB transcription activity (Nwariaku et al., 2003; Matoba et al., 2010; Guo et al., 2012b) . Inhibition of Rho activities by Clostridium difficile toxin B, inhibition of RhoA nucleotide exchange factor GEF-H1, or p38 MAPK knockdown suppressed the LPS-induced NFκB phosphorylation and transactivation and increased IL-8 synthesis (Guo et al., 2012a) . Our data show that PGA2-induced elevation of cAMP was associated with activation of Rap1 and Rac1 GTPases (Figure 2 ). PGA2 pretreatment attenuated agonist-induced activation of RhoA (Figure 7 ) and inflammatory signaling, including LPS-induced NFκB phosphorylation (Figure 8 ). In turn, inhibition of Rac1 attenuated anti-inflammatory effects of PGA2 and restored the increased NFκB phosphorylation caused by LPS. These findings are in line with work showing that inhibition of Rho signaling by the activated Rap1/Rac1 cascade downregulated the lung inflammation and barrier dysfunction in the model of ventilator-induced lung injury (Birukova et al., 2012) .
Our data also demonstrate an additional PKA-dependent mechanism of the cAMP anti-inflammatory effect. Inhibition of PKA blocked effects of PGA2 on LPS-induced phosphorylation of NFκB ( Figure 8C ). Increased intracellular cAMP in endothelial cells was FIGURE 8: PGA2 attenuates LPS-induced EC barrier dysfunction and inflammatory activation in an EP4-dependent manner. (A) Pulmonary ECs were treated with PGA2 (first arrow) and stimulated with LPS (200 ng/ml, second arrow) with or without pretreatment with EP4 inhibitor. TER measurements were performed over a 18-h time period. (B) ECs were preincubated with vehicle or EP4 inhibitor (45 min) before PGA2 pretreatment (15 min), followed by LPS stimulation. NFκB phosphorylation and IκBα degradation were evaluated 1 h after LPS addition (left); ICAM1 and VCAM1 expression was evaluated 6 h after LPS addition (right). (C) Effect of pretreatment with Rac inhibitor (NSC, 100 µM, 30 min) and PKA inhibitor (PKI, 20 µM, 30 min) on PGA2-mediated inhibition of LPS-induced NFκB phosphorylation. Results of densitometry are shown as mean ± SD; n = 4; *p < 0.05. Effect of (D) EP4 inhibitor pretreatment (30 min) and (E) EP4 knockdown on PGA2-mediated inhibition of LPS-induced ICAM1 and VCAM1 expression. ECs were transfected with EP4-specific siRNA or nonspecific RNA 72 h before agonist stimulation. Reprobing with β-tubulin antibody was used as normalization control. Efficiency of EP4 knockdown was verified by Western blot. Results of densitometry are shown as mean ± SD; n = 4; *p < 0.05. LPS induces production of TNFα (F) and IL-6 (G) by pulmonary ECs (left), which contribute to pulmonary EC barrier dysfunction (right). PGA2 pretreatment attenuates both the LPS-induced TNFα and IL-6 production and the cytokine-induced EC permeability. Results shown as mean ± SD of three independent experiments; *p < 0.001. Addition of PGA2 and cytokines in TER experiments is marked by arrows.
prostanes also inhibited the inflammatory response in macrophages. PGA2 potently inhibited LPS-stimulated IκBα degradation and subsequent NFκB nuclear translocation and transcriptional activity in macrophages. PGA2-induced inhibition of the NFκB pathway in macrophages was at least partially mediated by a redox-dependent mechanism (Musiek et al., 2005) . However, evaluation of PGA2-EP4 mechanism of anti-inflammatory effects in other cells was beyond the scope of this study.
Of importance, PGA2 had potent protective effects in two animal models of ALI-one due to i.t. instillation of LPS and the other to mechanical ventilation at high tidal volume and injection of TRAP peptide. In both models, PGA2 treatment improved lung vascular endothelial barrier function, as indicated by decreased cell and protein content in BAL samples and decreased extravasation of Evans blue tracer into the lung parenchyma. These effects were also observed in the setting of more clinically relevant PGA2 posttreatment. Experiments with noninvasive optical imaging of LPS-challenged mice with or without PGA2 treatment made it possible to monitor the progression and recovery of ALI. The role of endothelial EP4 receptor in the barrier-protective and anti-inflammatory effects of PGA2 observed in animal models was confirmed in a genetic model of ECspecific ablation of EP4 receptor. In these experiments, conditional deletion of EP4 in vascular endothelium abolished the anti-inflammatory and barrier-protective effects of PGA2 treatment.
In summary, this study described PGA2-induced barrier-enhancing and barrier-protective effects in cell and animal models of endothelial vascular leak, inflammation, and lung barrier dysfunction. We identified EP4 as a receptor mediating barrier-protective and anti-inflammatory effects of PGA2 in pulmonary endothelium and described PGA2-induced cell junction and cytoskeletal remodeling contributions to protection of the lung endothelial barrier. Our results suggest that PGA2 may also enhance resolution of lung injury and accelerate EC barrier restoration.
MATERIALS AND METHODS
Cell culture and reagents
Human pulmonary artery endothelial cells, small airway epithelial cells (SAEC), and cell culture basal medium with growth supplements were obtained from Lonza (Allendale, NJ). Cells were cultured according to the manufacturer's protocol and used at passages 5-7. All reagents for immunofluorescence studies were purchased from Molecular Probes (Eugene, OR). PGA2, EP4 agonist CAY10580, and prostaglandin receptor inhibitors were obtained from Cayman (Ann Arbor, MI). The following receptor inhibitors were previously found to prevent NFκB-dependent ICAM-1 expression induced by inflammatory agonists. Elevation of intracellular cAMP in pulmonary ECs blocked p38 MAPK activation in a PKA-dependent manner, which prevented NFκB RelA/p65 subunit phosphorylation and transcriptional activity of nuclear DNA-bound NFκB (Rahman et al., 2004) .
Previous work also shows the anti-inflammatory effects of PGA2 on other cells involved in the inflammatory response. PGA 2 inhibited the production of NO, IL-1β, TNF-α, IL-6, and MCP-1 from astrocytes stimulated with LPS (Storer et al., 2005) . Cyclopentenone iso- used: TP inhibitor SQ29548, DP inhibitor BWA868C, IP inhibitor CAY10449, EP4 inhibitors L161982 and GW627368X, FP inhibitor AL8810, and EP1-3 inhibitor AH6809. Rac1 inhibitor NAS23766 was obtained from EMD Millipore (Billerica, MA); PKA peptide inhibitor PKI was from Promega (Madison, WI). VE-cadherin antibody was obtained from Cayman; EP4, Rap1, Rac1, RhoA, ICAM1, and VCAM1 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA); β-actin and β-tubulin antibodies were from Sigma-Aldrich (St. Louis, MO); cortactin, phospho-cortactin, VASP, phospho-VASP, phospho-CREB, phospho-MYPT, diphospho-MLC, phospho-NFκB, and IκBα antibodies were obtained from Cell Signaling (Beverly, MA); α-catenin, p120-catenin, and ZO-1 antibodies were from BD Transduction Laboratories (San Diego, CA). Unless specified, other biochemical reagents were obtained from Sigma-Aldrich.
Measurements of cAMP accumulation
Cells were seeded in 24-well culture plates. At the day of assay, the cells were stimulated with the PGA2 for desired periods of time. Cyclic AMP accumulation was quantified by cAMP Biotrak Enzyme Immunoassay (GE Healthcare Life Sciences, Pittsburgh, PA), and optical density was determined using a plate reader at 630 nm. Each sample/standard was analyzed in duplicate, and resulting OD values were averaged.
siRNA transfection
To reduce the content of endogenous EP4, cells were treated with gene-specific siRNA duplexes. A predesigned standard-purity, EP4-specific set of four siRNAs (Homo sapiens) was purchased from Dharmacon (Lafayette, CO), and transfection of ECs with 100 nM gene-specific siRNA or nonspecific, nontargeting siRNA (Dharmacon), which was used as a control treatment, was performed as previously described (Birukova et al., 2007a) . After 72 h of transfection, cells were used for experiments or harvested for Western blot verification of specific protein depletion. The siRNA transfection efficiency according to our protocol was >90% (Birukova et al., 2007a) .
Analysis of endothelial cell monolayer permeability
EC monolayer barrier properties were evaluated by two complementary methods. Analysis of agonist-induced changes in TER was performed using the ECIS Z electrical cell-substrate impedance-sensing system (Applied Biophysics, Troy, NY). This method allows measurements of TER in real time, which reflects agonist-induced EC permeability changes. Analysis of EC monolayer permeability for macromolecules was performed using Vascular Permeability Imaging Assay (17-10398; Millipore). The method is based on high-affinity binding of avidin-conjugated, FITC-labeled tracer added in cell culture medium during agonist stimulation to the biotinylated ligand in the substrate coating underlying EC monolayers. In permeability visualization experiments, cells grown on biotinylated gelatin-coated glass coverslips were fixed with 3.7% formaldehyde in PBS (10 min, room temperature), and imaging of areas with substrate-bound FITC-avidin was performed as described elsewhere (Birukova et al., 2010) .
Immunofluorescence and live-cell imaging
Endothelial cells plated on glass coverslips were treated with PGA2 with or without pretreatment with inhibitors, fixed in 3.7% formaldehyde in PBS for 10 min at 4°C, washed three times with PBS, permeabilized with 0.1% Triton X-100 in PBS-Tween (PBST) for 30 min at room temperature, and blocked with 2% bovine serum albumin (BSA) in PBST for 30 min. Incubations with antibodies of interest were performed in blocking solution (2% BSA in PBST) for 1 h at room duction Labs) and rabbit polyclonal anti-VE-cadherin antibody (Cayman). Ligation and amplification were performed as described in the manufacturer's protocol (Duolink In Situ PLA; Sigma-Aldrich), using the following reagents: PLA probe antirabbit plus; PLA probe anti-mouse minus, and detection reagent Red. After PLA, the samples were incubated for an additional 30 min with FITC-labeled donkey antibody against mouse immunoglobulin G.
Surface protein biotinylation
Cells were treated with 0.5 µM PGA2, washed with PBS at 37°C, and incubated for 10 min with 5 mM Sulfo-NHS-SS-Biotin (Pierce Biotechnology, Rockford, IL) at room temperature. Subsequently cells were washed two times with ice-cold PBS with 100 mM glycine and lysed for 30 min on ice in 1% Triton-100 PBS, and cell lysate was centrifuged at 10,000 × g for 10 min at 4°C. Equal amounts of cell lysate were incubated with 60 µl of streptavidin-agarose (Pierce Biotechnology, Rockford, IL) for 1 h at 4°C. Beads were washed three times with ice-cold PBS and boiled in SDS sample buffer with 5% 2-mercaptoethanol. Samples were centrifuged for 1 min at 1000 × g, and supernatants were subjected to Western blot analysis with VEcadherin antibody.
Coimmunoprecipitation and immunoblotting
Protein extracts from cell or mouse lung tissue samples were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes, and the membranes were incubated with antibodies of interest. Equal protein loading was verified by probing of membranes with antibody to β-tubulin or a specific protein of interest. Coimmunoprecipitation studies were performed as described elsewhere (Birukova et al., 2007b) . Briefly, after agonist stimulation, plated EC cultures were washed in cold PBS and lysed on ice with cold TBS-NP40 lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1% NP40) supplemented with protease and phosphatase inhibitor cocktails (Roche, Indianapolis, IN). Clarified lysates were then incubated with antibodies to VASP (Cell Signaling) or VE-cadherin (Cayman) overnight at 4°C and washed three or four times with TBS-NP40 lysis buffer, and the complexes were analyzed by Western blotting using appropriate antibodies. The relative intensities of the protein bands were quantified by scanning densitometry.
GTPase activation assays
Rac, Rap, and Rho activation was evaluated in pull-down assays using agarose beads with immobilized PAK1-PBD, Ral GDS-RBD, and rhotekin, respectively, as described elsewhere (Tian et al., 2015) . The levels of activated small GTPases bound to beads and evaluated by Western blot analysis were normalized to total Rac, Rap, and Rho levels. temperature, followed by staining with Alexa 488x or Alexa 544-conjugated secondary antibodies. Actin filaments were stained with Texas red-conjugated phalloidin. After immunostaining, slides were analyzed using a Nikon video imaging system (Nikon, Tokyo, Japan) as described elsewhere (Birukova et al., 2004b) . For live imaging of GFP-cortactin, cells were plated on MatTek dishes (MatTek, Ashland, MA) and transfected with GFP-cortactin plasmid (Addgene, Cambridge, MA). Time-lapse images were acquired with a 100×/numerical aperture (NA) 1.45 oil objective in a 3I Marianas Yokogawa-type spinning-disk confocal system equipped with a CO 2 chamber and a heated stage. Images were acquired with a 60×/NA 1.45 oil objective with 2-s intervals for 0.5-10 min. Quantitative analysis of paracellular gap formation, peripheral p120-catenin, ZO-1, and cortactin accumulation was performed as previously described (Birukova et al., 2004a,c) . For each experimental condition, at least 10 microscopic fields in each independent experiment were analyzed.
In situ proximal ligation assay
Cells were fixed with methanol/acetone and incubated for 30 min with the mouse anti-p120-catenin monoclonal antibody (BD Trans- 
